Context. The grand-design face-on spiral galaxy NGC 6946 is remarkable because of its high star formation activity, the massive northern spiral arm, and the magnetic arms, which are observed in polarized radio synchrotron emission and are located between the optical arms and possibly are magnetic reconnection regions. Aims. We used electron densities and temperatures in star-forming (active) and less active regions and compared them to findings from the analysis of the radio data to study the energy budget of NGC 6946. The hot gas above the magnetic arms between the optical arms might suggest gas heating by reconnection. We also study the population of point sources in NGC 6946, including the origin of the puzzling ultra-luminous emission complex MF16. Methods. X-ray observations of NGC 6946 performed with XMM-Newton were used to study the emission from Xray point sources and diffuse hot gas, including the magnetic arms and the halo. Spectral fitting of the diffuse X-ray emission allowed us to derive temperatures of the hot gas. With assumptions about the emission volume, this allowed us to estimate gas densities, masses, and cooling times. Results. To explain the X-ray emission from the spiral arms of NGC 6946 two-temperature plasma models are needed to account for the disk and halo emission. The interarm regions show only one thermal component. We observe that the temperature of the hot gas in and above the magnetic arm regions increases slightly when compared to the average temperatures in the areas in and above the spiral arms. For the southwestern part of the disk, which is depolarized in the radio range by Faraday rotation, we find more efficient mixing of disk and halo gas. Conclusions. We propose magnetic reconnection in the magnetic arm regions of NGC 6946 as the possible cause of the additional heating of the gas and ordering of the magnetic fields. In the southwestern part of the galactic disk we observed indications of a possible faster outflow of the hot gas. A very hot gas within the MF 16 nebula possibly suggests shock heating by a supernova explosion.
Introduction
NGC 6946 (see Table 1 ) is a Scd spiral galaxy seen face-on, which is listed in Arp's atlas of peculiar galaxies because of its massive northern spiral arm. Its large optical diameter and low inclination make NGC 6946 one of the most prominent grand-design spiral galaxies in the sky. It is known to host a bright starburst nucleus (see e.g. Telesco & Harper 1980) . Detections of CO radio emission lines (Nieten et al. 1999; Walsh et al. 2002) gave further evidence for the high star-forming activity of NGC 6946 (especially in the northern spiral arm), proved that molecular clouds containing warm and dense gas are distributed throughout the inner disk, and showed that the total molecular gas mass is exceptionally high for a spiral galaxy. The distributions of the emission from NGC 6946 in various spectral ranges were analysed with wavelet functions (see Frick et al. 2000) .
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Notes. All data except for the distance are taken from the HY-PERLEDA database -http://leda.univ-lyon1.fr -see Paturel (2003) .
(a) Taken from Israel (1980) .
probably due to a large-scale magnetic field along the line of sight, oriented approximately perpendicular to the disk plane (Beck 1991) . Analysis of polarization data at four frequencies also suggested strong vertical fields extending far above the disk (Beck 2007 ). Such field lines should enable an outflow of hot gas into a halo. As the SW quadrant of NGC 6946 is a region of relatively low star-formation activity, this phenomenon resembles a coronal hole on the Sun. The average energy density of the warm ionized medium in the interstellar medium (ISM) of the inner disk of NGC 6946 was found to be lower by a factor of about 10 than the energy densities of the magnetic field and that of the cosmic rays, resulting in the conclusion that the magnetic field dominates thermal processes in the disk and halos of galaxies (Beck 2004) . A significant fraction of the diffuse ISM must be unstable, giving rise to gas outflows.
Radio polarization data at λ6 cm led to the discovery of a new phenomenon: highly aligned magnetic fields that are concentrated in two main spiral features, located almost precisely between the optical spiral arms of NGC 6946 (Beck & Hoernes 1996, their Fig. 1) . No enhanced densities of molecular, neutral, or warm ionized gas have been detected at the positions of these magnetic arms. However, radio observations revealed significant Faraday rotation in these regions so that some ionized gas must be present. Frick et al. (2000) analysed the magnetic and optical spiral arms in NGC 6946 using 1D wavelet transformations and found that each magnetic arm is similar to the preceding optical arm and hence can be regarded as a phase-shifted image.
Rudimentary magnetic arms were also found in other spiral galaxies , but NGC 6946 still is the most prominent example.
The magnetic arms contradict density-wave models, which predict enhanced ordered magnetic fields at the inner edges of the arms. Several mechanisms were proposed to explain the magnetic arms. For example, the continuous injection and amplification of turbulent fields by supernova shock fronts may suppress the mean-field dynamo in the material arms (Moss et al. 2013 (Moss et al. , 2015 . Alternatively, the introduction of a relaxation time of the magnetic response in the dynamo equation may lead to a phase shift between the material and magnetic spiral arms (Chamandy et al. 2013a,b) . The mean-field dynamo in the material arms might also be suppressed by outflows driven by star formation (Chamandy et al. 2015) .
We propose here that the strongly polarized radio emission from the magnetic arms may also suggest the existence of reconnection regions where cosmic rays are accelerated. The gas heated by the same process should be detectable in the X-ray domain (Lesch & Bender 1990; Hanasz & Lesch 2003) . By comparing the properties of the hot gas in the magnetic and spiral arms, we may be able to trace a possible additional heating of the gas that would be caused by the reconnection processes.
Earlier X-ray observations
Despite the rather high N H -value of about 2 × 10 21 cm −2 (see Tab. 2), NGC 6946 was detected by ROSAT's All Sky survey with a count rate of 0.1 cts s −1 . Analysing the 36 ks ROSAT PSPC pointed observation, Schlegel (1994a,b,c) apart from SN 1980K additionally reported emission from nine point-like X-ray sources and diffuse emission from NGC 6946. The brightest source (identified at that time with a very luminous supernova remnant MF16) has a count rate of 0.07 cts s −1 corresponding to a flux of 8.3 × 10 −13 erg cm −2 s −1 in the energy range 0.5-2 keV, three sources are fainter by about a factor of 10, and the rest (fainter by a factor of 40) are at the detection threshold. Holt et al. (2003) studied discrete X-ray sources in NGC 6946 using a 60 ks Chandra ACIS observation and found the source population dominated by high-mass X-ray binaries. Their survey was complete down to approximately 10 37 erg s −1 . However, in contrast to previous results, the ultra-luminous MF16 complex was found to be deficient in line emission expected from an interaction with a dense surrounding medium. Its spectrum lacks pronounced spectral lines and can be fit with a variety of models that are all associated with unusually high luminosities, leaving the origin of the MF16 related X-ray emission unknown. Schlegel et al. (2003) used the same Chandra observations and the luminosity function derived by Holt et al. (2003) to distinguish point sources from the diffuse emission. These authors estimated that as much as 10% of the total soft X-ray emission could be due to a hot diffuse component.
We checked the Chandra archive and found additional ACIS-S pointings: one on-axis pointing aiming at SN2002HH (30 ks, IAU Circ. 8024 and Roberts & Colbert 2003) , and three (30 ks each) off-axis pointings centred on SN2004et. The combination of these Chandra observations was used by severeal authors (Soria & Perna 2008; Fridriksson et al. 2008; Kajava & Poutanen 2009; Liu 2011) to investigate individual sources (e.g. supernovae, ultra-luminous sources) in NGC 6946 and their spectral and temporal variability. Recent observations (20 ks, PI Kochanek) were also aimed at studying point-source populations, which is beyond the scope of this paper.
Immediate objectives
This paper focuses on a detailed analysis of the extended emission from the hot gas of NGC 6946 with the use of the data acquired by the XMM-Newton X-ray telescope (Jansen et al. 2001) . The parameters of the hot gas acquired from the spectral analysis of selected regions of the galaxy are compared with the properties of the radio emission, especially with its polarized component that traces the structure of the magnetic field of the galaxy.
In the following section (Sect. 2) details of the data reduction and analysis are presented. Section 3 presents the distribution of the X-ray emission from both diffuse gas and point-source populations, and we also describe the spectra we obtained. In Sect. 4 we thoroughly discuss the results, including correlations and comparisons with the polarized radio emission from NGC 6946. We also provide new insight into the nature of the ultra-luminous source MF16. We conclude in Sect. 5.
Observations and data reduction
NGC 6946 has been observed 11 times between 2003 and 2006 with the XMM-Newton telescope (Jansen et al. 2001) , but the observations always suffered from heavy high flaring radiation. The only observation that yielded any clean data was made on 13 June 2004 (ObsID 0200670301). Conse- quently, the galaxy was observed again, on 2 and 8 November 2007 (ObsIDs 0500730201 and 0500730101, respectively, see Table 2 ). The data were still affected by high flaring radiation, but this time it was possible to obtain many goodquality data. The effect of frequent flaring radiation on the observations was caused by visibility constraints that required NGC 6946 to be observed at the end of an XMMNewton revolution. In recent years the orbit has evolved and NGC 6946 can be much better observed. Since early 2012 it has become possible to observe this galaxy for almost a full orbit (144 ks). The most recent observations, performed between 21 and 23 of December 2012 and aimed at the ultra-luminous source NGC 6946 X-1 (ObsID 0691570101), provided a long exposure that was relatively free of high flaring radiation; this resulted in 98 ks of good data.
The data were processed using the SAS 13.0.0 package (Gabriel et al. 2004 ) with standard reduction procedures. Following the routine of tasks epchain and emchain, event lists for two EPIC-MOS cameras (Turner et al. 2001 ) and the EPIC-pn camera (Strüder et al. 2001) were obtained. Next, the event lists were carefully filtered for periods of intense radiation of high-energy background by creating light curves of high-energy emission. These light curves were used to produce good time interval (GTI) tables, which mark times of low count rates of high-energy emission. Such tables (time ranges) were then used to remove the remaining data when high count rates were observed. The resulting lists were checked for the residual existence of soft proton flare contamination, which could influence the faint extended emission. To do that, we used a script 1 that performs calculations developed by Molendi et al. (2004) . We found that only the shortest observation (ObsID 0200670301) is contaminated very slightly by soft proton radiation. To ensure the best-quality data (crucial to analyse diffuse emission), we only used events with FLAG=0 and PATTERN≤4 (EPIC-pn) or FLAG=0 and PATTERN≤12 (EPIC-MOS) in the following data processing.
The filtered event lists were used to produce images, background images, exposure maps (without vignetting correction), masked for an acceptable detector area using the images script 2 , modified by the authors to allow adaptive smoothing. All images and maps were produced (with exposure correction) in four energy bands of 0.2 -1 keV, 1 -2 keV, 2 -4.5 keV, and 4.5 -12 keV. The images were then combined into final EPIC images and adaptively smoothed with a maximum smoothing scale of 30 ′′ FWHM. The rms values were obtained by averaging the emission over a large source-free area in the final map.
Another set of images was also constructed after excluding all point sources found within the D 25 diameter of NGC 6946 from the event lists (see below for details on point source exclusion). This was done with the help of a routine used to create re-filled blank sky background maps -ghostholes_ind 3 . In this way we obtained a map of diffuse emission where all regions of excluded point sources are filled with emission close to extracted regions by sampling adjacent events and randomising spatial coordinates 4 . Although this method is used to handle background maps, we obtained good results when we applied it to real source data. Section 3.1.1 presents images of soft (0.2-1 keV) and medium (1-2 keV) emission, together with a corresponding hardness ratio map, defined as
for images with and without detected point sources.
Next, the spectral analysis was performed. To create spectra we only used the event list from the EPIC-pn camera because it offers the highest sensitivity in the soft energy band. Only the emission above 0.3 keV was analysed because the internal noise of the pn camera is too high below this limit 5 . Although this is not crucial when combined with MOS cameras to produce images, it is important to exclude the softest emission below 0.3 keV to obtain reliable good-quality spectra.
Unsmoothed images for all bands were used to search for point sources with the standard SAS edetect_chain procedure. Regions found to include a possible point source were marked. The area was individually chosen for each source to ensure that we excluded all pixels brighter than the surrounding background. These areas were then used to construct spectral regions for which spectra were acquired.
The non-default way of excluding the detected point sources helped to keep more diffuse emission in the final spectra. However, expecting some contribution from the PSF wings, we added a power-law component to our model fits to account for any residual emission. A power-law component was also needed to account for unresolved point sources. The background spectra were obtained using blank sky event lists (see Carter & Read 2007) . These blank sky event lists were filtered using the same procedures as for the source event lists. For each spectrum we produced response matrices and effective area files. For the latter, detector maps needed for extended emission analysis were also created. The spectra were binned, which resulted in a better signal-to-noise ratio. To obtain a reasonable number of bins at the same time, we chose to have 25 total counts per energy bin. The spectra were fitted using XSPEC 11 (Arnaud 1996) .
Since observations 0500730201 and 0500730101 have identical pointings and position angles, we merged the cleaned event lists using the SAS task merge. The spectra extracted from this merged lists give the same modelfitting results as separate spectra fitted simultaneously, but the errors are better constrained, therefore we used the former spectra in our final analysis. It was not possible to also merge-in the shortest observation (ObsID 0200670301) because it has different parameters (pointing and position angle), and simultaneous fitting with the larger data set showed that both spectra are systematically offset. This resulted in a poorer model fit. We assume that this might arise because the observation was significantly affected by high flaring radiation and because the filtered "clean" data still show residual contamination that might influence the spectral fitting. Although we used this observation for image production, we therefore excluded the pn data from our spectral analysis. For the same inconsistency reasons (different pointing and position angle), we used the longest observation 0691570101 separately when performing the spectral analysis. This approach resulted in two corresponding spectra for each of the studied regions. Each pair of spectra was merged (as well as their corresponding background spectra) using the SAS task epicspeccombine. Although for multiple spectra a most commonly advised routine is a simultaneous fit rather than a fit to a combined spectrum, we note that for spectra with a very different sensitivity (certainly in our case), a combination of spectra leads to a much better handle on the background and consequently a better fit. This is because background subtraction only takes place for the merged spectrum after the source and background spectra are combined (contrary to a simultaneous fit, where each spectrum is background subtracted before the fit).
For the overlays we also used the XMM-Newton Optical Monitor data acquired during the same observations and produced an image in the UVM2 filter using the standard SAS omchain procedure.
Results
3.1. Distribution of the X-ray emission 3.1.1. Diffuse emission NGC 6946 shows soft extended X-ray emission corresponding to the entire star-forming disk (Fig. 1) , with the brightest emission closely following the star-forming regions. Although the southern part of the star-forming disk is less pronounced than the northern one, no asymmetries of the emission from the hot gas are visible. In contrast, the X-ray emission seems to extend farther out beyond star-forming regions in the southern part of the galaxy. An area of diffuse emission around the galactic centre forms a structure resembling a very small bar that crosses the central core and is aligned with the Hα emission.
The hot gas disk visible in the 1-2 keV energy band (Fig. 2) is extended in a similar way as the emission in the softer energy band (Fig. 1) . This may suggest large amounts of very hot gas in the galactic disk and/or halo. To further investigate the contribution from the hottest gas to the Xray emission from NGC 6946, we produced a hardness ratio map using both distributions (Fig. 3) .
As mentioned before, the two distribution are similar on average because the values in most parts of the HR map are close to 0. Nevertheless, north-east and south-west of the centre, distinct areas of softer emission are clearly visible. This corresponds well to the orientation of the bright starforming regions visible in the Hα map (Fig. 1) . However, the softest emission is produced in the south-western part of the disk, where the production of young massive stars is diminished, as seen in the UV map (Fig. 2) . Figure 4 shows all detected point sources within the D 25 disk of NGC 6946. For all sources we performed a spectral analysis. For weak sources the hardness ratios (HRs) were derived (see Table 3 ). We used the same energy bands as in Pietsch et al. (2004) : (0.2-0.5) keV, (0.5-1.0) keV, (1.0-2.0) keV, (2.0-4.5) keV, and (4.5-12) keV as bands 1 to 5. Consequently, the hardness ratios are calculated as HR i = B i+1 − B i /B i+1 + B i for i = 1 to 4, where B i is the count rate in band i, as defined above. For sources with more than 500 net counts in the total energy band (0.2-12 keV), spectra were extracted and fitted with models (see Sect. 3.2.1).
Point sources
The left panel of Fig. 4 suggests that some of the sources might not originate from within the galaxy and are instead more distant background objects. Moreover, the centre of the most extended region of source 26 does not seem to coincide with the visible Hα clump, but more precise astrometry of the Chandra observation associated this source with the galaxy (e.g. Kajava & Poutanen 2009 ). This source is the brightest point source -the ultra-luminous complex MF16 that is assumed to be a supernova remnant (e.g. Matonick & Fesen 1997) . It is not a pure point source, as it is considerably larger than the point spread function of the XMM-Newton EPIC cameras (of ≃ 12 ′′ ). Another interesting source is source 17, overlapping in Fig. 4 with sources 16 and 20. This source was not visible in previous observations (where sources 16 and 20 were detected), but only in the most recent sensitive observations.
Spectral analysis of the X-ray emission
For spectra of the hot gas we used a model that attributed one or two thermal plasmas and/or a contribution from unresolved point-like sources. Thermal plasma is represented in this work by a mekal model, which is a model of an emission spectrum from hot diffuse gas based on the model calculations of Mewe and Kaastra (Mewe et al. 1985; Kaastra 1992) . In all models we fixed the metallicity to solar. This was determined by a test spectral fitting of the spectra, which showed that in a wide range of metallicities (0.1 -1.5 solar), no significant change in gas temperatures or powerlaw photon indices could be observed. Slight deviations of these parameters were still within the errors provided by the models that used solar metallicity. This suggests that all differences that are found in gas temperatures when fitting spectra do not result from a possible combined effect of abundance gradients and enforcing solar metallicities in the models. It also shows that an additional power-law component in the models of diffuse emission does account for emission from unresolved point-like sources and is not introduced to mimic variable gas abundance because excluding the power-law component from the model and again varying metallicities resulted in unphysical values of the parameters. Consequently, the quality of the model fits remained very low (with reduced χ 2 > 2).
A contribution from unresolved point-like sources is fitted with a simple power law. For some models an additional component to account for the internal absorption needed to be used. For all models we also used a fixed foreground The same model components were used for the spectral analysis of the brightest point sources (see Sect. 3.1.2). Since we did not aim to perform a variability analysis of point sources, we used all data that were suitable for spec- tral analysis (for the selection and merging of separate data sets, see Sect. 2), similarly as for regions of diffuse emission.
The regions of the diffuse X-ray emission from which the spectra were extracted are presented in Fig. 9 . Extraction areas for the brightest point-sources are the same as found by the source-detection analysis (cf. Fig. 4 ). All plots of the modelled spectra together with the fitted models are presented in Figs. 11 and 12.
Brightest sources
For almost all sources (except for source 27) for which spectral fitting was performed, we also used the thermal plasma component (see Table 4 ) to account for diffuse emission projected onto each of the sources. The amount of this emission was often significant as a result of the sensitive observations of a gas-rich galaxy with a relatively large point spread function of the EPIC-pn camera that did not allow clearly separating the studied sources. Many of the spectra also required an additional model component to account for the high internal absorption.
For one source (source 5) a model with a power-law component did not give good results. The spectrum was fitted best when using two thermal components. It is possible that it is simply a hot gas clump that was classified by the source detection routine to be a point source. Alternatively, the lowest count number of all fitted spectra might also be the reason for difficulties in finding a proper fit. The hot component fitted in this model reaches values of almost 2 keV, which is fairly unexpected for the hot gas in the galactic disk.
For source 17, which was undetected in earlier observations, a complex model had to be fitted. Its power-law component is poorly constrained, however. The two sources near this position that were detected previously, sources 16 and 20, were not detected in the recent sensitive observation because the brightness of the diffuse emission was higher throughout, and also because the bright source 17 has wings. For consistency of the results, however, we used all observations to extract spectra for all three sources. Nevertheless, the complexity of the model for source 17 might be caused by admixtures from the two adjacent sources.
The spectrum of the core region, source 19, where the densest and the hottest gas might be expected, could be fitted equally well with either one or two thermal components. We present both model fits. The model with two components yielded 0.32
−0.03 keV and 0.70
−0.06 keV, while a single temperature component showed a temperature of 0.62±0.04 keV. These values and the derived fluxes for this region (see Table 5 ) suggest that most of the emission originates from the hotter component. The main difference between both model fits, however, is a significant variation of the internal absorption (see Table 4 ).
By fitting a model (consisting of one power-law and two thermal components) to the spectrum of MF16 (source 26), we obtained a temperature of 1.04±0.03 keV for the hot component. Still, most of the flux from MF16 originates from the power-law component that is associated with the central source. To further investigate the spectrum of this source, we followed Kajava & Poutanen (2009) and added a multicolour disk component to our model. We obtained a similar value for the temperature of the inner disk.
Regions of diffuse emission
To analyse emission of the hot gas from NGC 6946, we used Hα and UV images to choose areas that correspond to the star-forming regions. The radio morphology of the galaxy was also taken into account because the most prominent polarized features were found between the gaseous spiral arms of NGC 6946 (see Fig. 10 ). All selected regions are presented in Fig. 9 . A brief description of all regions is presented in Table 6 . For transparency, region letters are used throughout this paper. In the process of extracting the spectra, the emission from point sources (Fig. 4) was excluded.
To investigate the temperature of the hot gas in selected regions of NGC 6946, we fitted a single thermal plasma model, adding a power-law component to account for undetected point sources and/or residual emission from excluded sources. Only regions C and F did not require this additional power-law component. This could simply be caused by a lower number of net counts in their spectra, resulting in a low signal-to-noise ratio, hence lower accuracy of the fitting, so that the basic models are equally good in fitting the data. On the other hand, both spectra show very little emission above 1 keV, which suggests that the harder emission from point sources contributes hardly anything.
In Table 7 we present the results of single thermal plasma model fitting. For regions of the spiral galactic arms (regions A, E, G, and H), very steep photon indices of the power-law component are visible, which is unexpected for typical galactic X-ray point sources. This might be due to enhanced emission in the soft-to-medium energy band (around and above 1 keV), however, which can also suggest that a second thermal component is necessary to account for the significant emission from the hot gas in the galactic disk. To check this possibility, we fitted a model consisting of two thermal components for the areas of the spiral arms and kept the previously introduced power-law component. Since both parameters and residuals of the new fits were much more physical, that is, showed values in expected ranges, we used them as the final fits for the subsequent analysis.
To ensure that a single thermal plasma model is the best-fit model for the remaining regions (central areas and interarm regions), we also fitted a model with two thermal components to their corresponding spectra. In all cases we obtained significantly flatter (lower) photon indices of the power-law component, which suggests that some of the harder emission from the unresolved point sources was fitted with the new second thermal component. Furthermore, most of the fitted parameters were poorly constrained. For some of them it was impossible to get any constraints. The final models for all regions are presented in Table 8 .
For regions of the spiral arms for which a model with two thermal components was used, we assumed that the cooler component (∼ 0.3 keV) of the hot gas is associated with the galactic halo and the hotter component (∼ 0.7 keV) with the emission from the disk, as is observed in edge-on galaxies (e.g. Tüllmann et al. 2006) .
For the remaining regions, that is, for the central areas and the interarm regions, we assumed that the single thermal component can be described as a mixture of gas components from the disk and the halo above. The parameters of these components seem to be similar to the level, which does not allow clearly separating them at a given sensitivity level. For the interarm regions this can be easily explained by the lack of star-forming regions in the disk, which causes the gas to be relatively uniform throughout the entire volume. Nevertheless, we cannot use this argument for the central regions of the galaxy, where the disk emission is certainly significant. A reasonable explanation for this case is a high star-forming activity of NGC 6946 and the consequent internal absorption that is highest in the central densest part of the galactic disk. This absorption may cause some of the disk emission from the central regions I and J to remain hidden, and the rest, together with the halo gas, mimics a homogenous medium.
Region B shows almost no Hα or UV emission, while region J includes the central parts of the galaxy. Both regions differ significantly in the value of the fitted temperature of the hot gas. It is much hotter (0.60 south-western and western part of the disk (spiral arms A and H) have a significantly lower temperature than the eastern and north-eastern part (spiral arms E and G).
For all regions except for region H (western spiral arm) most of the X-ray flux is produced by the power-law component that is attributed to unresolved and/or residual emission from point sources. For the exceptional region H we note, however, that the value of the power-law flux is only poorly constrained. Therefore, its value might be much higher, which would lead to a higher contribution to the total flux. A high contribution from the power-law components of the fits might arise because NGC 6946 is a starburst galaxy with a large population of X-ray point sources (Fig. 4) . The method of source extraction used in this paper, described in Sect. 2, might certainly cause this effect. However, as argued before, this ensured that as little as possible of the diffuse emission has been lost by point-source extraction.
For the regions of the spiral arms, more flux comes from the halo components according to the fits, which agrees with a physical picture where halo emission is produced in a much larger volume density of the underlying star formation. These fractions are equal only for the western spiral arm (region H); we discuss this in Sect. 4.2.1 in more detail. Notes.
(1)Number as in Fig. 4 , (2),(3) equatorial coordinates, (4) extraction radius in arcsec, (5)-(9) net counts in relevant energy bands (see Sect. 3.1.2), (10) net counts in the total energy band, (11)- (14) hardness ratios (see Sect. 3.1.2). Sources for which spectra were fitted with models (see Sect. 3.2) are listed in boldface. Article number, page 9 of 23 A&A proofs: manuscript no. ngc6946_latest 4. Discussion
Point sources
Of the 35 point sources found in the galactic disk of NGC 6946, for 19 of them we were able to calculate only the hardness ratios. All values are presented in Table 3 . For the remaining sources we fitted models to the acquired spectra (see Sect. 3.2.1). As mentioned above, all sources except for source 27 required an additional thermal component in the model. This was most likely due to the characteristics of the observations with the XMM-Newton telescope, that is, a relatively low resolution with a high sensitivity to diffuse X-ray emission. As a result, all spectra of the studied point sources included significant information from the diffuse gas present across the entire disk of NGC 6946.
For several sources, an additional component to account for internal absorption was needed to obtain a good fit (see Table 4 ). For three sources, 19, 23, and 32, this was crucial. For source 19, which is the core region of NGC 6946 and therefore not just a point source, this additional absorption is easy to explain because we observe the densest parts of the galaxy. The two other sources, however, are located in areas relatively free of star formation (see Fig. 4, left) . Furthermore, none of the extended regions used for the spectral analysis of the diffuse emission coming from the hot gas needed an additional internal absorption component to be described by the model. Therefore, the argument of (relatively) low-resolution observations of a gas-and dust-rich galaxy cannot be used here. Instead, for each source that required an internal absorption component in the model, we propose that it is an X-ray binary (or an intermediate-mass black hole, IMBH) surrounded by a dust torus.
To calculate luminosities of the spectrally analysed point sources, we only used the fluxes of the power-law component to exclude the contribution from the galactic hot gas in the modelled spectrum (Table 5) . Half of the sources show luminosities higher than 10 39 erg s −1 . This value is the most widely used observational definition of an ultra-luminous source (ULX); it is often associated with an accreting IMBH that forms in the core collapse of young dense stellar clusters (e.g. Miller & Hamilton 2002) . Since the abundance of ULXs is often linked to recent star formation activity (e.g. Berghea et al. 2013 ), a significant number of ULXs in NGC 6946 agrees well with the vivid star formation of this galaxy.
One of these sources is the nebula MF 16 (region 26) mentioned above. Although some of its thermal emission (from both model components) can be associated with the galactic hot gas, as mentioned above, a significant contribution from the hotter component needs a different explanation. That the gas temperature exceeds 1 keV (Table 4), which is much higher than the temperature of the disk gas, may provide further evidence that MF16 might be indeed a supernova remnant, as previously claimed by Matonick & Fesen (1997) , and the very high temperature of the hot gas may result from shock heating of the medium surrounding the explosion region. This contradicts the findings of Berghea & Dudik (2012) , who claimed that no signs of shock heating are present.
Extended emission

Parameters of the hot gas
From our spectral model fits we were able to derive more parameters of the hot gas, including electron densities n e , masses M , thermal energies ǫ th , and cooling times τ . To perform our calculations we used the model of thermal cooling and ionization equilibrium of Nulsen et al. (1984) , where L X = 1.11 · Λ(T ) n 2 e V η, η is an unknown filling factor and Λ(T ) is a cooling coefficient of the order of 10 −22 erg cm 3 s −1 for temperatures of a few millions K (Raymond et al. 1976 ). However, the main difficulty in calculating the physical parameters of the hot gas component are the assumptions about the emitting volume V .
It seems straightforward to assume that we only see soft X-ray emission from the visible side of the disk (and therefore the halo), with all emission from the other side being absorbed by the neutral hydrogen in the galactic disk. For the visible part of the halo emission, we assumed a cylindrical volume above the disk of NGC 6946, extending out to half of the D 25 diameter of the galaxy (10 kpc). In this geometry, the halo around NGC 6946 would be roughly spherical. This approach seems to be justified for a starbust galaxy that has significantly extended halos of the X-ray emission. For the disk emission we assumed a disk thickness of 1 kpc. For the interarm regions, for which a single thermal model was fitted, we used volumes of 10 kpc times the area of a region, as the model describes the mixed emission from both the disk and the halo (see Sect. 3.2.2).
Tables 10 and 11 present the derived parameters of the hot gas in the areas of diffuse emission in NGC 6946.
To verify the obtained values, a comparison with earlier Chandra observations of NGC 6946 by Schlegel et al. (2003) would be an important step. Because of the low sensitivity to diffuse emission of these observations, the analysis was unfortunately made only for the entire galactic disk and no detailed study is available. Still, their temperatures of 0.25±0.03 keV and 0.70±0.10 keV for two thermal components agree very well with our values for the halo and the disk gas temperatures, respectively. The electron density of ∼0.012 (× η −0.5 ) cm −3 derived by Schlegel et al. (2003) for the 1 kpc thick disk also matches our results well if we consider a ten times larger volume than used for our calculations. A similar study of six other nearby face-on late-type spiral galaxies was reported by Owen & Warwick (2009) , who obtained temperatures of two thermal model fits of 0.2-0.3 keV and 0.6-0.7 keV and the derived electron densities of the gas of the order of a few 10 −3 (× η −0.5 ) cm −3 , depending on the level of the star-forming activity.
Hot gas components
As mentioned before, for the regions of the spiral arms we needed a two-temperature model to account for the emission from the hot gas residing in both galactic disk and the surrounding halo. Although the temperatures of the hot gas are almost identical for the halo components and similar for the disk components (where two pairs could be distinguished -A with H and E with G -see Table 8 ), the derived parameters show significant differences (see Table 11 ). As expected, for the north-eastern spiral arm with the brightest Hα and UV emission, marked as region G, we obtained Notes.
(a) η is the volume filling factor. The columns are the region name, electron number density, total gas mass, total thermal energy, thermal energy density, and cooling time. Table 11 . Derived parameters of the hot gas in and above the spiral arm regions of NGC 6946. Notes.
(a) η is the volume filling factor. The columns are the region name, electron number density, total gas mass, total thermal energy, thermal energy density, and cooling time.
the highest values of number density and energy density of all spiral arms.
Magnetic fields in NGC 6946
To analyse the magnetic field parameters we used the same regions as for the spectral analysis. For each region both total intensity and polarized intensity fluxes at a radio wavelength of 6.2 cm with a beam of 15 ′′ were obtained. Then, using the energy equipartition formula provided by Beck & Krause (2005) , we calculated the strengths of both the total and ordered magnetic fields. The calculations were made assuming a synchrotron spectral index of 1.0, an inclination of the galactic disk of 30
• , and a proton-to-electron ratio of 100. For the emitting volume a disk of 1 kpc thickness was assumed. The main uncertainties are introduced by the last two parameters. They may vary by a factor of 2. With the assumed spectral index this amounts to an error of ∼ 30% for the strength of the magnetic field and ∼ 60% for its energy density. We note here, however, that such errors are systematic, which means that we may in fact expect the relative uncertainties between the points to be smaller. Table 12 summarizes our results and also provides values for the energy densities of the magnetic field.
Apart from the central regions of the galaxy (regions D and J), the strength of the total magnetic field is roughly constant across the disk. A slight increase can be observed in the most prominent spiral arms (regions A and G). Consequently, these regions show higher energy densities of the magnetic field, with the maximum near the galactic core. The strengths of the ordered magnetic field are also similar in all parts of the disk, with higher values in the areas of the magnetic arms and the central region of the galaxy. As suggested by Fig. 10 , the areas of the magnetic arms show a much higher degree of polarization than the other regions.
Hot gas and magnetic fields of spiral and magnetic arms
In addition to the grand-design structure of its gaseous spiral arms, NGC 6946 presents a distinct spiral structure of the magnetic fields which resembles magnetic arms that are phase-shifted with regard to the gaseous ones. These magnetic arms coincide well with the interarm regions. Since the spiral arm and interarm regions vary significantly in terms of the ISM structure, we investigated the emission from the hot gas in both areas to obtain more clues about the interplay of the magnetic field and the hot plasma. Because
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a model with two thermal components was used to analyse the emission from the spiral arms (accounting for the disk and halo components), to compare it with the emission from the hot gas in and above the interarm (magnetic arm) areas, we needed to calculate averages of the values obtained from the two-temperature fits. We added gas masses and thermal energies for the appropriate regions. Next, we calculated number and energy densities, taking into account the volumes assumed for the disk and halo component emission (the area of a given region times 1 or 10 kpc, respectively). Our results are presented in Table 13 . We compared the averaged values of number and energy densities for all spiral arm regions with respective values for the interarm regions. We also calculated the ratios of the thermal energy densities to number densities, hence obtaining an average energy per particle, which is independent of the unknown volume-filling factor (E p = ǫ/n).
We present our results in Table 14 . The interarm regions show higher values of an energy per particle than for the spiral arm regions. This is consistent with the singletemperature fits (Fig. 7) , which show slightly higher temperatures for the regions of the magnetic arms. This means that there may be an additional effect that provides thermal energy to the interarm regions. Since this additional heating might also be due to magnetic reconnection, we analysed the magnetic field properties of the areas of the spiral arms and the interarm regions.
Heating of the gas by magnetic reconnection?
Because for the interarm regions we have the information about the hot gas coming from both the disk and the above halo (one-temperature fit to the spectra), a direct comparison of the energy densities of disk hot gas and magnetic fields is possible for the regions of the spiral arms alone. Nevertheless, since we are interested in the global energy budget of the galaxy, we need information about both thermal and magnetic energy densities for the disk and the halo. Although halo magnetic fields surely exist (as observed in edge-on spiral galaxies), we do not have any direct information on their structure and strength in the case of NGC 6946. The observed radio emission is, however, an integration along the line of sight, that is, we see contributions from both the galaxy disk and halo. Since the majority of the cosmic rays originates in the underlying disk, an assumption for the emitting volume (the disk) seems to be justified. As the vertical scale height of the halo magnetic fields of ∼ 6 − 7 kpc (e.g. ) is similar to the assumed size of the hot gas halo (10 kpc), we do not expect a significant change of the magnetic energy density in the halo, especially when an uncertainty of its calculation (60%) is considered. It is therefore justified to compare the obtained magnetic energy densities with those of the hot gas in and above the interarm regions.
Still, for all areas of the disk of NGC 6946 we see much higher energy densities of the magnetic fields than those of the disk component of the hot gas (Tables 11 and 12) . Interestingly, for the region of the most prominent spiral arm (region G), conditions closest to equilibrium are observed, with the energy density of the magnetic field only 22% higher than that of the hot gas in the galactic disk. For the remaining spiral arms this difference is as high as 50 − 63%. If we compare the magnetic field energy densities to those of the halo (Tables 10 and 11) or averaged values for the hot gas in and above the spiral arms (disk+halo ,  Table 13 ), a distinct dominance of magnetic fields by a factor of a few is visible. This suggests that only in the areas of high star-forming activity it is possible that the thermal energy density of the gas is similar to that of the local magnetic fields.
To investigate the interplay between the thermal gas and the magnetic fields in greater detail, we compared the averaged (i.e. from both disk and halo components) thermal energies per particle with the magnetic field energy densities for the spiral and magnetic arms. We calculated the average values for the gaseous spiral arms and the magnetic arms, which resulted in an energy density of the magnetic field of about 10.1 × 10 −12 erg cm −3 for the spiral arms and 8.2 × 10 −12 erg cm −3 for the interarm regions and for Table 13 . Averaged parameters of the hot gas in and above the spiral arm regions of NGC 6946.
a −9 erg, respectively. Our results are presented in Table 14 . An anticorrelation between the magnetic field strength (and its energy) and the thermal energy of the gas is visible (Fig. 13) ; with a slight decrease of the energy density of the magnetic field (by 23%), the energy per particle increases significantly (by 68%).
A possible explanation is that in regions that simultaneously show higher thermal energies of the gas and lower energies of the magnetic fields, some of the energy of the magnetic field might have been converted into thermal energy by magnetic reconnection. Fast reconnection should be possible in most astrophysical plasmas (Hanasz & Lesch 2003) , with a heating rate proportional to the Alfvén speed (Lesch & Bender 1990; Lazarian et al. 2015) . As the gas density in the interarm regions is lower while the total magnetic field is almost as strong as in the spiral arms, the Alfvén speed is higher, and hence the heating rate is higher in interarm regions. Indeed, we do observe such an additional heating of the gas in the magnetic arm regions (see Tables 7 and 8 ).
In general, such a slight increase in temperature in the interarm regions could be easily explained by longer cooling times that are due to the lower density of the gas. However, if we compare interarm regions B and C with F and I, we note that in magnetic arms B and C higher temperatures, lower number and energy densities than in magnetic arms F and I were obtained. Surprisingly, the difference in cooling times reaches almost a factor of 2. Still, for all four interarm regions practically the same magnetic field strengths and energy densities were observed. The difference is visible, however, when ordered fields are considered -in both regions B and C we see a much higher regularity of the field (i.e. the ratio of the strengths of ordered and total magnetic field). This trend is visible in all magnetic arms when compared to the spiral arms -the regularity of the magnetic field increases with the energy per particle (Fig. 14) .
The above findings allow constructing a picture of both turbulence and reconnection acting in a galactic disk. Although in the spiral arms reconnection effects are expected to be more efficient (stronger field tangling), their action might be difficult to see because both the heating and field (dis)ordering is dominated by turbulence. In the interarm regions, however, where the magnetic field is highly ordered, reconnection heating may dominate turbulence heating, and the increase in temperature due to reconnection heating might be noticeable. This is what we observe, especially in the magnetic arms B and C, which have slightly higher temperatures than most star-forming spiral arms. Although reconnection is a very local process, acting at distances of a few pc or less, if it is equally efficient throughout the entire magnetic arm, it might contribute to the field ordering, an effect that would last longer because of the weaker turbulence. Again, this high field ordering is most distinctly seen in magnetic arms B and C.
The region of the western spiral arm (region H) is interesting. While for the other spiral arm regions we observe a significant contribution from the halo component (see Table 9 ), region H shows almost equal contributions from the halo and disk components. Furthermore, the difference of temperatures of the two components is the lowest in this region, owing mainly to the lowest temperature of all spiral arm disk components. This may suggest that for the western spiral arm mixing of the disk and the halo gas is the most efficient. Since the southern part of region H is in the area of strong Faraday depolarization, as reported by Beck (1991 Beck ( , 2007 , this might be a piece of evidence for vertical magnetic fields and enhanced outflow speed in this area of the galactic disk. In particular the region of the southwestern spiral arm (region A), which also contributes to the depolarization area, shows a similar trend for the interplay of the halo and disk gas components, although at a lower level.
Summary and conclusions
The detailed analysis of the X-ray emission from the hot gas in NGC 6946, together with earlier radio continuum studies, can be summarized as follows:
-A spectral analysis of the point sources revealed a significant number of ULXs, which agrees with the enhanced star formation of the galaxy. -The galaxy presents significant emission from the hot gas across its entire star-forming disk. Intensity enhancements are found in the regions of the spiral arms, also in the harder energy band. A significant amount of the very soft emission is found in the region of high Faraday depolarization. -The radio-polarized emission structure is reflected in the spectral properties of the hot gas -areas of magnetic arms visible in the interarm regions are well described with a single thermal plasma model, which shows that the temperature of the hot gas is slightly higher than in the spiral arm regions. -An increase in temperature of the hot gas in the magnetic arm regions could be described as additional heating due to magnetic reconnection. -A possible conversion of magnetic field energy into thermal energy of the hot gas in the interarm regions is suggested by the lower energy density and strength of the magnetic field and the higher thermal energy per particle, when compared to the areas of the spiral arms. -In the conditions of low turbulence in the magnetic arm regions, reconnection, acting mostly on tangled fields, might also contribute to the field ordering, as suggested by both the highest temperatures of the hot gas and the highest degree of polarization in magnetic arms B and C. -We found signatures of a very hot gas in the area of the ultra-luminous source MF 16, which may suggest shock heating of the gas by a supernova explosion.
